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Results arc presented of an experimental investigation of lrpact- 
prcccoa'c and total-tcnpcrature interpretation at a nonlnal ..ach number 
of 5»6. 3he data indicate that ii.G Rayleigh equation, u..ich assumes 
nort-vi3cous fie w, requires correction at lou free-strean Reynolds num- 
bers. These viscous effects arc detected at Reynolds numbers (basod on 
impact-probe diameter) as high as 6000, and they continue to increase 
with decreasing Reynolds numbers. At the lor; prvssuro limit of tho 
facilities used in tills investigation, tlie maximum viscous correction 
is 2.5 por cent for a Reynolds number of U25» 

Tho calibration curves for the recovery factor of a total-ten- 
po nature probe aro given, plus an analysis of suitable parameters with 
which to present this infomation. For the linited range of total- 
tonporatures of 200°F to 26o°F, and a nonin al liach number of 5.6, 
singlo calibration curves aro shown using either the f reo-stroan Reynolds 
nunbor, or tho liussolt number of tho flow inside the probe (based on 
the mo couple wire diameter) as parameters. 
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constant conversion factor «* 778 ft. lb./Btu 
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Hach number, u/a, cincnsionless 

Hach number inside temperature probe ° constant 

Nusselt number, hd/l:, diiensionlcso 

defined by Uu k^/ 1^, dimensionless 

pressure, lbo./cq. in. 

Pra*dtl number, p. CpA, dimensionless 
heat flux, Btu/sec. 

temperature recovery factor, dimensionless 

cas con stmt for air ° 1715 sq. ft./(sec*^)(dec* F) 

Reynolds nunber, pud/u , dincnsionleos 
Reynolds mnber evaluated at total temperature 
absolute temperature, deg. R 

local velocity, ft. /see. ' 
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r.iean nolocular volodLty, ft./occ 



x variablo length, ft, 

S ratio of spocific heats, Cp/c^., dincnaionloss 

A a length of thermocouple wire, inches 

A* absolute viscosity, lb* scc,/aq, ft 
P na3G density, lb, 



Subscripts 



c >0 

< >H 



refers to gas conditions 
stagnation or reservoir conditions 
pertaining to tire thermocouple uiro 



Superscripts 

( )' conditions after normal shock, for an inviscid fluid 
( )” stagnation conditions as read impact-pressure probe 
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i. rrrnoDUCiio:! 



Performance investigations of l^ng-ren, ;o nis3iloo and roc’ccts 
inevitably lead to tho conclusion that hypersonic Ilach nuriboro are 
required for efficient operation. This conclusion quito naturally 
dirocto attention to the complex aeroctynanic problems associated with 
hypersonic flight in the upper atmosphere. To obtain basic aorodynanic 
information on bodioo moving in this new regime, whoro tho nolocnlar 
noon free path longtiis are appreciable compared with tho characteristic 
body dimension, the hypersonic wind tunnel is an important tool. For 
purposes of identification. Had! mriboro of £ and above are considered, 
in this report, as comprising tho "hypersonic” velocity range. 

The problono involved in tho accurate determination of local 
fluid stream properties, such as Mach nuabor and Reynolds number, are 
much more difficult in a hypersonic wind tunnel then in supersonic or 
subsonic facilities of higher density. This difficulty stems primarily 
from tho larger viscous effect encountered in the hypersonic wind tunnel. 
It is the purpose of tliis experimental investigation to calibrate end 
interpret impact-pressure and total-tempera tore measurements in a 
- hypersonic air stream. 

Inpact-preo3uro interpretation in supersonic and subsonic flows 
of low density has been the subject of several theoretical card ereperi- 
nental investigations (Refs. 1 to 8). It seems desirable to deter line 
to what extent the basic results of these previous investigations are 
applicable at higher Mach numbers* 

When considering supersonic continuum flow of a compressible. 
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non-vis oous fluid, tho f ai dllnr Rayleigh formula (Cf. Hof* 9) is con- 
ventionally used to relate tho observed Inpact pressure to the free 
stream static pressure and Mach nunber* Houover, as viscous forcoo 
boectio appreciable conpared with inertia forces, tho Rayleigh fomula 
boccnca increasingly inaccurate* theoretical viscous corrections liavo 
boon applied to tho Rayleigh equation in Refs. 1* and 5 for go looted 
inpact-probo goono tries. 

Bio general field of rarefied gas dynamics, in wiiicli the analyses 
of continuum flow are no longer valid, is dlscussod by Tsicn in Ref* 10* 
It is indicated in this reference tlrnt the ratio of the no an molecular 
free path length tb a characteristic dimension of a body line re r d in a 
fluid stream is a significant parameter for estimating the magnitude 
of tiie low-donsit effect* It is furthor established that tiiio ratio, 
SL/ d, is proportional to tho Mach number divided by the Reynolds nunber. 
However, the magnitude of too ratio j2/d for which the methods of 
continuum flow mechanics are inadequate is not well defined. Fran 
experimental data obtained by Kano and Maslach (lief, 2), it appears 
to at conventional gas dynamics theory requires corrections for values 
of J?/d greater than about 0.015* 

When the molecular mean free path becomes large with respect to 
the body dimensions, a free molecular flow exists* Biis regime of 
fluid neclianies is diaracterlzed by Tsien as having values of JL /d 
which are greater than 10 (lief. 10)* In this case, tho molecules in tlie 
free stream can hit tho body surface at full speed and be re-emitted 
without direct interference from other molecules. In fact, collisions 
of a molecule with tho body are more frequent than collisions with 
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other molecules. Shock waves are no lo ^cr recognisable an ouch in a 
frco molecular flow, and tl« kinetic theory of canos must bo used to 
predict inpact pressures. 

Dxperincntal inve3tigauLaiis of inpact preesurc liave boon made 
in the llach mmber mnjc of 1.7 to U.O, apparently in tho transition 
ro u ion between continuum and free molecular flow, but noar tho estimated 
continuum Unit (Refs. 1 and 2). Results of thoso investigations 
indicate that at very low Reynolds numbers tic measured impact pressures 
are higlier than those which inuld be computed from the Rayleigh fornula. 
In addition. Ref. 1 indicates a region at slightly hi^ior Reynolds 
nuibere where tho measured inpact pressure is less than that predicted 
by the Rayleigh equation. 

Tho iapact-p res sure phase of the present investigation involvoo 
experinento designed to determine the behavior of inpnet-p res s uro 
measurements at higher llach numbers for two different inpact-probe 
geometries. Practical oonsidc rations United tluc investigation to - a 
noninal Mach number of 5.6 and to a minimum Reynolds number of 
based on inpact-probo outcido diameter and frco stream conditions. 

Tho design and calibration of t otal-ta ipo return probes for U3e 
in hypersonic air streams have been considered in Ref. 11. Similar 
investigations of total-tcnpereture probes have been conductod for sub- 
sonic and supersonic velocities (Cf. Refs. 12 and 13). 

Tho design of a total- tempo nature probe involves a considerable 
amount of theoretical study and experimental investigation. The proper 
selection of mte rials and dinensions for the construction of a total- 
tomperatuno probe is largely a qualitative process. Rather extensive 
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design and calibration otudico of votrl-ixmpc ration pro Leo at liypcroonlc 
velocities nave boon conducted by L, Winkler of the Maval Ordna-ico 
Laboratory* 

iho opti un calibration curve f o” displaying total- terrperaturo 
data is ono which t/culd be valid for all flow conditions* It io not 
obvious, however, what fluid flow para io tor will yield such an optimum 
calibration curve, Iho conventional paranetors, Mach mnber and 
Remolds number, have boon usod with rcasonablo succooc at subsonic and 
supersctiic velocities, but in the hypersonic ranee use of ono of these 
parameters as tho variable uHl, as a general rule, yiold families of 
calibration curves for constant values of the other pa rune ter, 

A paranoto r involving: the 'luscclt mnber of the flcr.i insido the 
probe (based on thomocouple xrLro diameter) and tie ratio of gas 
thermal conductivity to mean thermal conductivity of tho thomocouple 
wires has been considered in Ref, 11, The temperature recovery factor 
for a given probe was plotted versus this pa rare ter, and a 3 ingle cali- 
bration curve was obtained which was valid for a considerable range of 
Mach nunbora, Reynolds numbers, and stagnation temperatures* In 
justification of tills parameter, an elementary hoat balance analysis 
for a bare thermocouple \f . re was conducted during the present investi- 
gation and is included as Appendix A, 

The 3 cope of tho tempo nature p'nase of this investigation did not 
include the design of a not; tot al-t enpc ra turo probe. Instead, it was 
determined to construct a he: pern turn probe based on successful cxisitng 
designs and then to calibrate this probe at a nominal Mach number of 
5.6, over a rango of free strorri Reynolds numbers* 'A/o total-temperature 



5 



proton tor, ad an dcoijns o\^rsted in Ref. 11 were constructed and caxparod, 
and ilia one yielding tlie hijjiost recovery factor urn calibrated for uso 
in further lavostica tioiio . 

'lho expo rinontal results present .d in thin papor were obtained 
in the GALCIT Hypersonic iind Tunnel, lee no. 1, in cooperation with 
IS N. R. Quiel, U« S. Havy, undor the supervision of Dr. H. T. Hac«"in tou. 
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II. EUUIBrJT A.JD P.DCEDJKE 

A. Hind Turaiol Dose riot ion 

The GALCIT $ x 5 Inch Itypersonic Wind Tunnel (Leg Ho. 1) was 
used for those tests. It Is of tic contdnuously-ope rating, closed- return 
type and. is operated ty a compressor plant consisting of sixteon com- 
pressors driven by seven olectric motors. The thirteen compressors in 
tho first five compression stages are Fullor rotary compressors, while 
tho final two stages consist of three reciprocating ccmp lessors. A 
system of valves and interconnecting piping permits the selection of a 
wide variety cf plant compression ratios and mass flows. These valves, 
as well as the compressors, are operated remotely from a master control 
panel (Cf. Fig. 1). A schematic diagram of the wind tuniel installation 
is shown in Fig. 2. 

Hie Leg ho. 1 test section with fixed nosslo blocks designed for a 
nominal Mach number of 6 was used for theso teota. Ihe nozzle bloclcs 
were designed by the Fools ch analytical method with correction applied 
for tho estimated boundary layer grbwth* Static orifices were provided 
at one-inch intervals in both noszle blocks to permit a check to be 
made with the original nozzle calibration. 

The Leg No. 1 air heating system employs superheated steam in a 
multiple pass heat exchanger end 13 capable of producing a maximum 
stagnation temperature of about 300°F at a reservoir pressure of Sh psia, 
and 230°F at atmospheric reservoir pressure. 

The water content in tho air uas kept well tolow 100 parts per 
million (by weight) fcy passing it through a tank containing approxL- 
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mtoly 2000 pounds of silica O ol* Oil ucs ro. .ovod by Cyclone oqrarato s 
aftor each compression stage and, in addition, by finely-divided activated 
carbon canisters, porous carbon filter blocks, and a Mine Safety 
Appliances "Ul'orv.-Aire Space filter". 

B. Model Deocrlption 

1. Inpact-PreoGuro Probe Rake 

Six stainless otcol proboo, of varying diameter, wore noun tod on 
a 2 inch x 2?j inch otainleso stool, wodge-ohaped rake as shewn in Fie. 3. 
The load-in tubes, also of stainless otcol, wero ccnplotely enclosod 
within the wed go end its 5/1 6 inch diameter support rod. With the use of 
the extoimlly-ope rated model control system in the tunnel tost section, 
tho rake could be moved vertically so as to bring each probe into the 
tunnel oonter line. 

Two probe-end goome trios wore used. The Typo I probes were 
sharp-lipped and circular-eiided with outside diameters varying from 
0.016 inch to 0.25 inch. Iho Type II probes wore node by flattening 
the cards of round tubes so that the ratio of outside height to outside 
width uas one- third* Sines of probe-end outeido heights ranged from 
O.Ollt inch to 0.109 inch. Figure U shows a schematic sketch of these 
two probe geometries. 

2. Stagnation-Tomoera ture Probes 

— mmm mm rnm^m iiw%i m mmmmmmrn**—* ^ *** mtmmmmmmm trnmtm 

Two stagnation-toaperaturo probes were constructed, both essen- 
tially similar to tho design given in Ref. 11 but differing f ran each 
otlrer in outside diameter of tiro probe entrance and thermocouple vd.ro 



dimeter. Both p olos consisted of a single platinum-coated quarts 
shield cemented to a stainless stool holder with a hi^-tenpe nature 
cenriic cement, To replace continuously tie air inside the probo, a 
3lncle vc.it nolo was provided in the oliiold oft of the Uv mo coup lo so 
that tho vent-area to entrm.ce-ai’ea lv.tio was npp roxinately 1:J>. Hhrperi- 
r.en td data in Hof, 11 indicates that t’ is area ratio is an ontinun 
value. Iron-cons tan tan thermocouples were cemented Into a quarts support, 
viiich in turn was sealed into tho stainless steel holder. 

Probe A hod an entrance outside diamoter of 0.10 inch, and D. and 
S. co^o 30 (.01 inch diameter) the mo coup lo wiro was used, while tho 
outside dimeter of tlie entrance of Probe B was .063 inch, and 0.012 
inch dianeter themocouplo iri.ro was usod. Fic* 5 ei v es a scIia m tic 
sketch of these probes, and ?ic. 6 chows the probe support on which the 
probes were nounted for placement in the tunnel. It should bo notod 
that tills latter probo support also included an inpa ct-p ro s 3 ura probe and 
a static-pressure probe, in addition to the temperature probe, so that 
flow conditions in tho tunnel test section could be measured readily. 

Kach probo could be positioned in turn on tire tunnel center lino by 
means of tho rnodol support control. 

3. Static-Pressure Probo 

Tlie static-prossuro probe woe constructed of O.O03 inch outside 
diameter stainloss stoel tubinc with a solid 10 decree conical nose. 

Throe static orifices spaced uniformly around the tube circumference 
were located 30 diameters downstream from the nose. 
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C , It is tnncixtatlon 

1, Proosuro Ifeacurcnento 

Tho reservoir pioccurc was . -e-osurod with a Yate-Fnery nitrogen- 
balanced gage arid controlled ulthin ^ O.Oli poi by a I lim icopolic ~iio * .cyocll- 
Bremn circular chart controller* All static and ircpact p re scares acre 
uoasu.ixxi on a silicone field, vacxaui-refo noncod nanoneter (Fig. 1). 
tfith tho latter, pressures could bo easily road to th® cloooot 0,1 cn 
and oatinated to 0*01 cn of silicone, ’hi is ectiiratc ic appioxL .lately 
equivalent to 0,07 nicrcno of ncrcury, 

2, Ibrr./QiMturo 'leasunencnts 

The tunnel eta [Ration taupe nature was ncocurod by an iron-con- 
s tan tan, shieldod ttiomocouple located one inch upotrean frea tie nossle 
throat and was recorded and controlled ly a Minneapolis -I lonoyucll- 
Drawn c insular chart controller to within -2°F. The tr.e mo couples in 
tho stagnauion-teuperaturc test probes were differentially connected 
with Uie reservoir thenaocouplo to a Leeds and iiorihrup elldc'-wiro 
potentiometer, as shown cchaiatically in Fig, 7* 

P* Tost Procedure 

1, lu.ipa.ct~P res s uro Funs 

Prior to tie installation of tie probe rake in the test section, 
an axial static pressure survey WQ3 conducted on the tunnel oc.ito r line 
to locato a region of unifom pressure. A point 19,7 Indies aft of the 
throat was selected, and tho inpact-prossuno probe o’nds were aligned 



ncomdi- t^ly. In addition, a vo tical totai-hi nd survey was undo at t.iio 
position with results as shcun in Fig. C. 

AT tor the proto rain was Lis tailed and coruoctcd to t’io nanonotor, 
oach cojnloto system ma c.vef Hy lo; h-checkod. Jith tie "urmcl 



aized probes on the rnko was In tu.ni placed at tint! test section co iter 

lino, and itc pressure measured on t!ic srJLiconc nanometer. This 

positioning wm* acconplisJied with the vo:’tical-acti i atin£ > nodel control 

* 

cycteri, which wes externally opo rated. In addition to counter read?nGS 
on the vortical supports, it was found desirable to use the sehlioron 
system and a fixed grid notworic placed on the glass port to check the 
center lino positioning# The cycle was repeated until a dctor.uLntion 
of the rep rodudbility of resilts was c Depleted* 

Since 5.t was desired to obtain tire lovnst possible Reynolds 
mnltcr (and concecuently, the lowest air density) In the test section, 
the stagnation conditions of r.inimn possible stagnation pressure (j> 0 ) 
with f ie coivesponding aoximun total temperature (T 0 ) wore sclocted 
for one In addition, several mu is at s lastly loucr T 0 ’s and 

higher p 0 ’s we re made. 

The actual reservoir temperature and pressure combinations used 
were as follows: 




P 0 (psia) 



T 0 (°F) 



Remarks 



1U.7 

lU.7 

1U.7 

30.7 



230 

221 

210 

2U2 



one-phase flow 
die -phase flow 
one-pliace flow 
one -phase flow 
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A nclilie^cn plot ro w\s taken of tic flow around t!'c p 'obo nice 
to dcteirdno if any shod: w->vc interference existed iron oie probe to 
another* Referring to Pig* 9 , it is seen that the strongest ahock wave, 
created by tlie largest pi*obe, doc3 not intorsect tlie adjacent probo 
until it is trury dianetora dennstroan. 

2* Total-Ton; Kira turo Rung 

lire to tal-taiperature probe was mounted in the tunnel on a 
stppoit which also included a total-pies s\ae probe and a sfatio-proesuro 
prebe as onoun In Fig* 6* Th© latter two pro'oess wore connected to the 
narionoter systen and then c arofuUy leak-tested* die leads f run the 
test tnernocouplo were differentially comocted with the reservoir thermo- 
couple to the potentiometer* Tires, the e,n.f . road on the potentionc tor 
was proportional to the torperature difference botnecn T Q and tho 
temperature sensed by tlie test probe, T 0 * • 

For each calibration run, the reservoir tenperature was held 
fixed and tlie reservoir pressure varied throughout its possible ranee* 

At cadi flow setting tlie total pressure, static pressure, and e*n*f* 



were ro co rued* 
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III. KRD T.T iJ t 3) VttJJCiE Of DATA 

A. Inoact-Prc3 mro Gor n ootlon Tociuilque 

In order to uetoinine a vicoous correction, it is fiist ijcccssary 
to find tho value which the impact preosuro would have if tho flow wore 
essentially in viscid. 3his value could be dotemi:ird i? cm Impact 
probe were used tiiich wc.s sufficiently large that the viscous offocte 
were no longer detectable. ikxrever, it uos not iaiom intuitively 
whether cite Reynolds nunber of the largest probe cn the probe race 
tested was farce enough to be free of viscous effects. Conseq..aatly, 
soce additional analysis was necessary, 

» 

A method of attach w.iich proved quite satisfactory in Rof . 1 was 
employed, '-ills technique consisted of plotting the measured impact 
pressures agaiiist the inverse of inpact-probe diameters for tno six 
diffe rent-sized prebos tested and extrnpolatir^j a curve t. trough tie 
resulting points to 1 /d c 0. Tno value of the pressure intercept at 
tills point was considered to be tnat corresponding to tno inpact 
pressure in an inviscid fluid* 

This process of lotting l/d approach cere was consiaered equiva- 
lent to letting tho Reynolds nu.ibor approach infinity, all other factors 
in Re having been held constant. Typical plots of data involving this 
process are shown in Fig. 10. 

B. Dote Tiination of Flow Param e ters 

1. Hach limber 

VJith the measured impact pressure, corrected for viscous effects 
as explained previously, plus the Measured static pressure, the free 



13 



strom Mach number uns calculated uniny Ra/loich’o well-known oujm iconic 
pitot tnl e eqiation, In tlio instanco where th o static pressure was 
noasurod during a run subsequent to a series of inpnet-prossuro runs, 
the reproducibility of flow conditions was chocked by necn a of a 
reference inpnet-pressuno probe. 

The subsonic Mach nunbor of the flou within the total-to poraturo 
probes was calculated sinply fron the area ratio of tlio shield incido 
dimeter to tlio vent. Since the prooauro ratio at tlio vent, p/p o *p is • 
110 11 below tlio critical value, a sonic throat exists in the vent {vacs ape. 
Thus, for a Given probe Goonotry, the Mach nunbor of trie flou within 
tlio probe is essentially independent of froo stream flow conditions, 

2, Reynolds Nunbor 

Tlio Reynolds nisibor per inch based on mdisturbod freo stream 
conditions vies calculated for e ach flow sottinc* Tlio corrospondinG 
Reynolds mritier for each inpact probe based on the outside dimeter was 
then dote min ed, r ihe n ensured five stroan pressure, tlio stagnation 
temperature, and the corre3pondinG value of the Hach nuaber were used 
to coqpute tlio Reynolds nunbor. 

By definition wo can write 



The assumption of tlio perfect gas lew ^Ivob p • p/RT, and tlio sonic 
velocity, a, is by a ° y ylff. Substituting for p and a in 

Eq, (1) we obtain 



Re » .£“* » liM 



( 1 ) 



/X /A 




( 2 ) 



XU 



which reduces to 



Re - 0.3U3 EJLsL. ( 3) 

M ?! 

for K ■ 1.U and R ■ 1715 ft./sec,^ °R, The unito of p, d, u, and T 
aro given in tho list of synbolc. 

By assuming adiabatic flow the free stream temperature, T, was 
then obtained fron the equation 



T 




(U) 



A plot of this equation given in Ref. Ill was used. 

The corresponding value for the viscosity of air was obtained 
fxcci a plot of the Keyes * equation for viscosity. Ref, 15 indicates 
that for air at very low temperatures Keyes* equation is noro appro- 
priate than the f uniliar Southerland's equation for viscosity. For 
air, Keyes' equation bo cones 



yU (olngs/ft, seo,) 



2.316 x lCf 10 Y1 



1 + 



219.8 -9A 



( 5 ) 



At highor taiperatuies (above £C0°R) tlva viscosity for air was obtainod 
fron curves based on Southerland's equation given in Ref, 16. 

Thus, all tlie properties used to characterise tho air stream 
have been those of the undisturbed five stream* It was also desired to 
obtain a set of reference properties based on conditions behind a nomal 
shock wave, 3he chango in properties of a froo stream passing through 
a nomal shock wave was calculated ly die use of curves of nomal shock 
wave functions given in Ref. ill. 



3. Knuds cn liunbor 



Tho noah molecular froe path lengths for the undisturbod free 
strom and for flow conditions after a nornal shod: wave woro calculated. 
For each probe tho ooi’ro3 ponding Knuds cm ntnbers vroro dotominod, Froa 
Kinetic theory. Chapman gives (Kef, 17) 

/a. « O.U99 p v X (6) 

uhere v is tiro noon molecular speed and Z is tho nesn molecular froo 
path length. Results from kinetic tlioory also cormoct v with tlio 
velocity of sound, a, by 

* • 

where & is the ratio of spocific heats. Combining Eqo. (6) and (7) 
yields 

* - o) 

Noting that /a /pa ** M d/Re and using 1,U for air, Eq. (8) becomes 

JL - 1.49 (M/Re) d (9) 

Tho Knuds on number is now cap res sod as a function of Reynolds nmbor 
and Mach nunberj 



X/d « 1 , 1*9 (M/Re) 



( 10 ) 



h • limsolt limbor 



Tlio ducsolt nunbor considered here involves tho rate of hoat 
transfer between tic air flow and tlie tiieniocouplo wire. It i3 defiiod 
in conoral by 

Hu - ±pL (II) 

where h “ hoat transfor coefficient 
kg ° gas the mol conductivity 
dy “ themocouplo wire diameter 

Moreover, for flow in whicli heat transfer is talcing place wo nay write 

IH i ° f^(M, Ro, Pr) (12) 

where Pr is the Praidtl number for air and nay bo corn ide rod as remaining 
cons ta.it. How, if ue do to mine the Reynolds number, Re*, based on an 
evaluation of gas density and viscosity at total temper a tura rather 
than at static tempo rat urc, then 

Ro* « g(Re, M) (13) 

and so 

Nu e fg(Ro*) (1U) 

In Ref, 16, a s emi-erpiric al equation has boon determined for 
this relation, namely, 

Hu - 0.1*31 YE? (15) 

With this equation the Husselt number of the flow inside the total- 
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tenporai’ire probe (based on thermocouple vilro dimeter) io oasily cal- 
culated from measured quantities as follows: 



Ro 



CJ 



/AO 



0.343 Pq 1 Hp ^ y: 

/*o 



Re* « **?■■*■ , 

^ M 0 ( 1 * 0.2 Iip 2 )a 



(16) 



whore 

p * ° impact pressure in lbs ./in. ^ 

2 

a f(T 0 ) • gas viscosity in lbo./ft. -soc. 

° thermocouple wire diameter in Inc. os 
lip ° llaoh number inside probe 



For the gi^n probe geometries considered, tiiere exists the 
problen of dote mining tho proper area ratio to use in calculating li. 
However, considering tlie entrance area, where Hp is even greater than it 
is at the thermocouple wire, wo find 

A/A* “ 5 , “ 0.117 

2hus, the variation of the denominator of Eq. (l6) with is negligible, 
and wo can write 



} Sl . ^ p 0 ' 

^ K z 1 . 

where the indof ini tones s of calculating tiie constant lip is eliminated 
by including it with tho parameter Re*. 
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’ir.r'z'.Vvl result a in Hof. 11 and an analysis of oat 
transfer balance in the tho mo couple xri.ro contained in Appendix A, it 
appears that tho paranetor liu ia significant for tno inveaticatio n 

of tho torpe nature recovery factor* Accordingly, a paranotcr Hu* io 
dofinod 



Mu' 






ilu lfe 



Using Eqs. (15) and (17), this nay bo writ ton 



( 10 ) 



Hu" - Q.2S2 aji to'i k,, (19) 

V ^ 

For tlie thomocouple, k^ is a oonstant arid ray bo considered ao tao 
mean of tire two values for iron and eons tan tan. Hoxiover, k^ varies with 
tho changing conditions of tho gas* In Rof. 18, a suggested foniula 
for calculating k^ io 

It, - 3.03 x IO -8 T 0 * 73 (20) 

Titus, for a given probe goonetiy, Hu* io dependent only on the local 
reservoir conditions; and for any given run at a constant T 0 , Hu* is a 
function only of ir.ipact pressure, p 0 *, 

C* Temperature Recovery Factor Detominataon 

In order to calibrate a total- to :po rat urc probe for future 
explication, sorre measure of its ability to convert all of the kinetic 
energy of an air stroan into heat energy nust bo obtained* For tlx is 



rvlurc 



purpose a to i 



"-'ocovery factor 1 in coi: only dofiied re 



r 




( 21 ) 



where T * is the tmpC nature O2.«eod by the pro jo* 

o 

Since it was desired to r.ioasuro ac accurately ao possible the 
snail difference between T Q and T 0 ', die probo thornooouplo was differ- 
entially connected with the rocoivoir thermocouple, as oho\m in Fie* 7. 

In tliia mirier, the o.n.f . road on the po ten time tor was proportional 

* 

to die difference, T 0 - T Q 1 • Using die the niocouplo teuperaturo- 
nlllivolt equivalent, the xar.peraturo difference was converted to 
decree 3 Fahrenheit. 

With die recording of reservoir tceiporature, T Q , and subsequent 
calculation of dio stream taaporaturo, T, using die adiabatic energy 
equation, all information for dotomining recoTOiy factor was available* 



A. Innact-Prcssurc Heasurcnoiv 



1. General Results 

Two types of probes, as sham in Fig. U, wore testod at a 
nominal Ilach number of 5.6. Dio complete rango of free stream conditions 
used are simnarized go follows j 

V 

M « 5.3 to 5.6 

Ro » U25 to 8000 

j£/d » 0.001 to 0.016 

where the Reynolds numbers are based on tho outside diameter of the probes. 

Die pririary results of impact-pro3suro measurements for Type I 
probo3 are presented in Figs, 11 to lU, while similar presentations for 
Type II probes arc contained in Figs. 15 and 16. There arc two curves 
for oach probe, based on two different free stream paranetera, each 
showing tho ratio of measured impact pressures to the ideal non-vis cous 
impact pressure. In additioa, two curves arc presented for Typo I 
probes based on flow conditions behind a normal shock. Wiese results 
show that tho Rayleigh supersonic pitot tube equation requires 
correction for viscous effects when tlio Reynolds number of tho undis- 
turbed free stream becomes less than about 6000. It siiould bo no tod, 
however, that tlieso specific corrections apply to particular type probes 
and a restricted Hacli number range. 

Bio maximum deviation of the neasiired imjxict pressure from the 
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ideal inpact pressure was 2«$ por cc.rt. ihis /oeb run deviation woo 
obtained at tho lowest Roynolda number attainable with tho o::pori' cntal 
equipment wired, and it appears f rott tho shapo of tho curves in qi«3tion 
tint this dovintion world booono larger with decreasing; Reynolds number. 
/II of tho deviations of the measured impact pressures f ran the ideal, 
non-viscous, impact pressure wore negative (i.o., p 0 n /p ( *<-!)• 

2. Choice of Parameters Used to Present tho Data 

The variations of tlio Honoured impact pressure f ron that pro- 
dieted b rj the Rayleigh equation are apparently duo to viscous forces. 
Consequently, it would soon that an appropriate parameter for presenting 
the impact- pros suro ratios would bo Reynolds number, based on either flow 
conditions ahead of or behind a nomal shod:. If the noynoldo nu iber 
based on tho undisturbed flow is chooon as the para inter, it tjould be 
cx.xjctod that the curves of inpact- proesuro ratio vorsus Reynolds number 
would not be independent of Mach number. 

Another parameter which is a significant measure of tho effects 
of viscous forces cos o dated with low densities is the Knuds cn nuiber, 
or i/d ~ ll/Re. It is not known, however, to what extent thiis parameter 
would yield a pressure deviation curve that is indepe.dcnt of Uadi 
number. Unfortunately, practical c ons ide rations circrnventod tho original 
intention to include a considerably higher Mach number range in this 
invest igat ion » 

Presentations of the data versus parameters, based on stream 
conditions behind a normal shock, are included to pemit cccrparison with 
results for impact pressure corrections in subsonic flow’s* 



-> 

•is. 



u\r, ' w’ . 1 ? \rri.rr rr';r ntcl Investigat ions end Theory 



The present inrestlgation war ccnduetod nt a concideiubly !ugher 
Ilach nunber tlian a±y known previous wort:. Hence, it is only poso i'olo 
to compare tie results qualitatively, Po shops tho nost significant 
difference in results obtainod in thin investigation ss conpnred with 
previous investigations at lower Ilach mrVbern is tho detection of viscous 
effects at nuch highor Reynolds numbers. For instance, the results of 
Ref, 1 for a nominal Ilach nuribor of 2,5 do not indicate viscous effects 
in the impact pressure until tho Reynolds number has decreased to about 
200, while tho present results at a nominal Ilach nunber of 5*6 chow 
viscous effects at Reynolds nunbors as liigh as 6000, 

For a probe similar to Typo I, the results of Rof, 1 show a 
negative pressure variation (that is, with tho measured inpact pressures 
less tlran the ideal value) in the Reynolds nunber range f run 30 to 
200 and a positive pressure variation at Reynolds number? below 30, The 
results of the present investigation are qualitatively in agreorent with 
those in Rof, 1, since it is entirely possible that tho curves in Figs, 

11 and 15, for example, would spring up to positive values of p 0 u /po* 
if data at lower Reynolds nuibcrs wore available at this ilach nunber. 

Ref, 2 presents some iz pact 4 res sure data versus t:io parameter 
M/Re for a source-shaped nrebo, which is found in Rof, 1 to havo con- 
siderably different Viacom ch?ractor*istics than those of Typo I in 
this report, Moreover, no results with the pajxvseter Il/Ro are given in 
Rof, 1, Consequently, it is difficult to reach any definite conclusions 
regarding tie suitability of tie parameter Jl /d ~ Il/Re, However, a few 
conversions of data from Ref. 1 at a nor.iinal Hach number of 2,5 indicate 
very little to substantiate a favorable oonparisca. 
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A thoorctical development u.iich predicts a viscous correction 
for iripact pressure in a supersonic, continuum, viscous flow is con- 
tained in Ref* 5>. The analysis assumes a stagnation lino flow through a 
nomal shod: wave and includes the viscous effects in the subGonic flow 
field by noons of a boundary layer tlieoiy. The theory developed predicts 
that the pressures sensed by on impact probe in a viscous fluid u ill 
always be larger than the prossurc so obtained in a non-vis oous fluid. 

This theory is at variance with the experimental results recorded 
in the present investigation but is in agreement with previous 
investigations at lower Mach numbers, at particular ranges of Reynolds 
nunboro, and with certain other probe geometries. It appears, therefore, 
that the thooiy is only valid for certain probe geometries, over 
particular Hach number and Reynolds number ranges. 

Another theoretical analysis, contained in Ref. 8, is based on 
entropy rise and the related energy dissipation behind a detached nomal 
shock wave. This development predicts that measured impact pressures in 
a viscous, supersonic flow are less than the ideal non-vis co us impact 
pressure* For tie range of Mach umbers and Reynolds numbers of the 
present experimental investigation, it appears that this theoretical 
analysis more closely describes the plysical phenomenon. 

B. Total-Temperature Probe Calibration 

1. Initial Calibrations for Comparison of Probes A and B 

. The initial calibrations wore conducted at a constant total 
temperature of 225°F. The choice of tiiis temperature was based on two 
considerations: it was sufficiently high to avoid condensation of 
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constituents of the air in tho wind tunnel test section., and it could bo 
naihtained over the on tiro operational ranee of reservoir pres -uros. 

Over tho range of test conditions, the !!ach nuiber tended to docronno 
slightly \f±th decreasing resorvoir pressure and increasing reservoir 
temperature. This flach nuiber variation was duo to unavoidable variation 
of boundary layer t’.dclcness in tho no sale. Test conditions for ti oce 
initial calibrations are surx.mrised no follows* 



p 0 (psia) 


- 1U.7 


to 


9U.7 


Re/inch 


- 30,800 


to 


213,000 


M 


- 5.5 


to 


5.8 



Primary results of these calibrations are presented in Fig. 17. 

Tiro variation of temperature recovery factor with Reynolds number is 
plotted for the two proboo. Ihe Reynolds numbers refer to free stream 
conditions and are based on the outside dianoter of tire entrance to the 
probe. Adiabatic flow from tire temperature probe located Just ahead 
of tie nossle throat to tie total temperature probo in the test section 
was assumed. 

The over-all sliapo of the tiro calibration curves is similar. 
However, tie recovery factor for Probe B i3 considerably louer than that 
for Probo A. This difference can be partially attributed to the s nailer 
entrance diameter of Probo B. Evidently, the smaller dianoter shield 
allows more conduction and radiation losses from tlio stagnation streamline 
than does the larger shiold. In addition, tho shield on Probo B is 
somcwliat longer than that on Probe A. The increased shield longth is 
also conducive to more heat loss. Ihe length over dianoter ratios of the 



thermocouple wires for the tuo pro bos are essentially ..lie cn.c. licneo, 
it would be expected tiiat the conduction Iocs thixiugh tio thermocouple 
wires would bo ap p roxinately tlie sane for tire tuo probes. 

In vi eu of the relatively poor performance of Probo B, no 
additional calibrations ucrvs nadc of this tempo ra turn prebc at othor 
reservoir temperatures; instead, only probo A was used for mono extensive 
calibration anal's is. 

2. Extended Calibre tion of Probe A 

In addition to the initial run at a constant reservoir temperature 
of 220°F, Probo A uos also calibrated at total temperatures of 200°F and 
260°F, over tlie complete operating range of reservoir pressures, lb us, 
three sets of data were recorded for essentially tie came range of 
Reynolds numbers and Mach number, which wore as folloi/sj 

Re/inoh » 30,800 to 213,000 
H « 0.0 to 0.6 

The results of tire calibration of Probe A are contained in Figs. 

18, 19, aid 20. Temperature recovery factor is plotted versus tho three 
different parameters, Re, Mu, and Hu , in an attempt to investigate the 
effect of total- temperature variation at constant Mach number. However, 
for tlie limited total- temperature range available, ary effect on tire Re 
and Mu curves due to change in total temperature is not distinguishable 
within the normal scatter of experimental data as seen in Figs. 16 and 

19. Ibis is somewhat at variance with data presented in Ref. 11, whore 
it was found that for Reynolds numbers below 20,000 tlie calibration 
curves for different total temperatures began to diverge quite appro- 



ciably and contiiviod to divorgo with decreasing Reynolds nv. bcr. bano 
of this discrepancy r .ay be accounted for by too fact that in Ref. 11 
the total to.:poraturc changos were proa tor and, therefore, the diver- 
gences none readily dotoctod. 

3, Suitability of Paranetcrs for Presenting Tenperaturo- 

Rocovory Factor Calibrations 

Hio ideal parameter to uso in plotting & calibration curve Is 
orio that would yield a single curve valid over a consido rablo range of 
flew conditions. Results of this investigation indicate that for a 
constant Mach mnber, either the f re otrsan Reynolds number or toe 
Uusselt number based an flaw conditions inside the probe and on thomo- 
couplo wire diameter produces a single curvo. It is difficult, however 
to justify theoretically the significance of these parameters in this 
respect and they could not bo expected to retain this property for 
variable Mach numbers. 

From a consideration of a simplified theory of heat transfer and 
the assumption tliat heat losses other tlian conduction through the 
thermocouple wires are negligible, it would appear that tho recovery 
factor, when. plotted versus Hu (defined by Eq, 18), should he invariant 
with total temperature and free at re an Mach mnber, Ihe theoretical 
analysis in Appendix A indicates too significance of the parameter 
Hu which i3 proportional to Hu tt , this factor of proportionality 

being constant for a given probe goonetry. 

Referring to Fig, 20, it is soar that tho uso of this parameter, 

A 

Uu , does not yiold a single calibration curve as effectively os doeo 
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that of the other two paraiotoro co.isidcred. It thus appears that the 
assunptions nade in Appendix A arc perliano o ve j>o inplif led and do not 
provide on adequate analysis for the temperature pro bo used in tiiio 
investigation* It is believed, houover, that for variable free stream 
Mach numbers, this parameter would prove superior* In Ucf . 11, a 
single calibration curve was actually obtained for a variety of 
different total temperatures, lioynoids mnbore, and Mach numbers, 
using the paraneter Nu 1^/lCy, xriiich is, as mentioned previously, pro- 
portional to what is defined here as IJu** 

It should bo notod tliat tlio Hus sol t nunber of the flour within a 
given probe geometry is particularly convenient to use* Uio only data 
needed are the total temperature and the inpaot pressure* 
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v. conclusions and nnxxr i rations 

The results of the inpact-pressure p!msc of this investigation 
provided tte following evidence an to the interpretation cf lonsured 
inpact pressures at a nominal Mach nui'oor of 5*6: 

(1) Viocoun effect a on irtprxf-prensiiro measurements arc 
oncountcrod at Reynolds tranters as high as 6000, ^heso o 'facts am ouch 
ns to caune the r.oasurcd inpact pressure to road lower titan predicted 

by tho Rayleigh formula* 

(2) Within the range of this investigation, t..ese viscous effects 
increaso uith decreasing Reynolds number, and at a - Roynclcto number of 
h2$ the measured inpact pressure? is approximately 2*5 per cent louor 
than that predicted by the Rayleigh formula* 

(3) A comparison with previous investigations at loiter Mach 
mribere indicates that fa esc viscous effects have a definite dependence 
on Mach number os well as Reynolds number. 

(U) The flatten ed-end type of probe is more sensitive to the 
effects of viscosity than is tire slraip-lipped circular typo* 

Tig results of the total-tmporaturo phase of this investi- 
gation for a nominal Ilach mribcr of £.6 and a rosorvoir temperature range 
of 200°P to 26 o°P are as follow: 

(1) A comparison of tiro total-temperature probes indicates tiiat 
the thermocouple shield with fie largest entrance diameter and fie 
shortest distance from its entrance to the thermocouple Iras fic test 
temperature recovery factor* 

(2) For the range of reservoir temperatures investigated, a 
single calibration curve has boon obtained using either the Reynolds 
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nunbor of the free strum based on tho pro’-o e..tmico outside diarntor 
or tlio Mussel t nunbor of tho flow insido the probe boned on tho mocouplo 
wire diamotor. 

It appears highly desirable tint this impact-p 103 sure investi- 
gation should bo extendod to higlier Mach numbers and louor ucynolds 
nunbers, since both of theso variations tend to increase the viscous 
effects. In addition, it seems dosirablo to extend tho total- temperature 
investigation to higher Mach numbers, lower Reynolds nunbers, and a 
wider range of reservoir temperatures. 
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APP'IJDIX A 



TEMPERATURE ERROR AT A THERMOCOUPLE JUNCTION 
DUE TO CONDUCTION III THE T] IE. i ©COUPLE WIPES 

If it were possible to bring a fluid stream to root adiabatic ally 
■ at a thermocouple junction, the kinetic energy of tl» otroan would bo 
conplotely rocovored, and tho fluid temperature at the junction would bo 
the total temperature, T Q . With an actual temperature pro bo, it is 
impossible to achieve absolute adiabatic decoloration of tho flow to stag- 
nation* As tho temperature of a fluid demerit in tho stagnation ctrc on- 
line increases abovo tho static temperature of the free stream, there is 
a loss of heat from tho sample duo to conduction of heat through tho gas 
in addition to radiation and convoctivo hoat tmnsfor to the probo 
shield* 

However, according to Ref* 18, tho heat loss due to non-adiabatic 
flow along tho stagnation streamline and tho heat loss from tho themo- 
oouplo junction by radiation are considered to bo relatively snail com- 
pared to the hoat loos from tho junction by conduction through tho 
thermocouple wires. Consequently, for this analysis, only the hoat 
loss due to conduction through tho thermocouple wire is considered* 

To evaluate this effect it is assumed tliat there erists a uniform fluid 
temperature, T Q , along tho bare thermocouple wire and that there is a 
negative temperature gradient from tho -thermocouple junction to the baso 
of tee wins. It is also assumed that tho temperature' of tee wire is 
constant at any crons soction* 
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Junction 



I 



Referring to tlio above sketch, tho temperature o 1 tho iri.ro at 
A, i’ A , nust bo creator than 'the taupe nature at 3, Tg, in ordor for iioat 
to flou fron A to B, Also, (dT/dx) A a 0 by symetry, and the velocity 

p 

insido tho pro bo. Up, is ansunod snail so that (vip )/(2g J Cp T Q ) < < 1. 

Considering an elaaent of vriro of length dx, the hoat flux, Q, 
through tho in.ro at a given cross soction is 



Q *» 





TTd ,, 2 

~TT 



(A-l) 



whore is tho coefficient of thermal conductivity of the iri.ro, Tien 
at a point a distance, dx, fron the given cross section the hoat flue is 
given by 
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(A-2) 
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olid tho incro .oat of heat flux in tho olciont of wire of length dx is 



dQ “ 



d 2 X 



dx' 



w . Tr 

dx 1^ —r— 



(A-3) 



How considor die heat flux frm the fluid to tho wire t^rou^h 
tho ourfaco of the wire olenent. 'diis nay bo written 



dQ » (T 0 - Ty) h TT dx (A-U) 

where T c ie tho ctacnation terperature of the fluid, X^Cx) in the local 
torpors tu re of tho wire, arid h is the convective heat transfer coefficient 
\iiich includes the ccribined effect c£ conduction through the fill end 
convection in tlie fluid* This coefficient is aeouied to be ccnatnab 
over tho length of the wire* 

Noi;, for equilibrium conditions to ercist in the wire, tho boat 
flux through tho surface nust equal the diange of heat flux alone tie 
themocouplo wire* Thus, the resulting differential equation is 






Uh 



dx' 



.2 “ % < 1 ,, ” * 0 ^ 



(A-5) 



It is convenient now to introduce the Husselt nunbor, in the fom 



!Iu “ h dyA c (A-6) 

vise re kg is tho coefficient of the real conductivity of the fluid. Then, 
denoting tie cross sectional area of the wire by A, Eq, (a- 5) be cones 
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T.io general solution of tide differencial c< ation is 



^- T o " 


1 c^ o^ x + C 2 (A-3) 


where 





P 2 « Nu Otg/kyf) (1 /tA) (A-9) 

hotj, if the boundary conditions are applied 



°1 * °2 


T w T 

■ A (, - io) 


and 
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(T 0 - i' B ) coon £ x , . „ N 

conlr ^>x 



w.«ro X is the length of uiro between pointo A and 3 in ^10 previous 
sketch. At uto iherwecouple junction, x - 0, I w = T 0 », and Llq, (A-IL) 



bocones 




T - T * 

A o A o 


ftl — , fp 

- S-L- (A-12) 

cosh $ x 



The energy equation for adiabatic, frictionless, steady flow of a 



perfect gas racy be written 




o* J 
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^5 



and by the use of tiro definition of the taipomture recovery factor, r, 
at the thornocouple junction, this equation be cones 



t 

u 


r u2 (A-lU) 

2g J Cp ; 



or 



T 



- x 






u‘ 



2C J Cp 



(A-15) 



whore is tl'j 3 tcnperatixrc recovery factor of tho themocouplo ba30 
(Point B)« 

Coabininc Kqo. (A-12), (A-lU), and (A-15) yields the follovrirxj 
depression for rocorciy factor 



r - 1 



( i - ^ ) 

cosh x ” 



(A-16) 



It is clear that for a given probe eeonetry, r c r(rg, £> ), whore ^ is 
defined in bq, (A-?), Trxue, tho sit?iificanca of the parar.»tei* 
liu fcJKr'j cat* bo easily seen* 
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appi^ti.. d 



ACGUItACY AIJALYSIS OF EXPERT lEbTAL DATA 



The magnitude of the random errors encountered xrare estimated by 
considering the reproducibility of the observations, the sensitivity of 
tho scale, and tluj associated reading orror. For the experimentally 
measured quantities, these estimated errors are as follows: 



lleasnrenent 
Static pressure - p 
Impact pressure - p 0 M 
Reservoir pressure - p Q 
Reservoir terspernture - T 0 
Thomocouplo voltage 
Impact tube dimension d,h 



Estimated Hardman Error 
*0.2 ran. of silicone 
*0.5 mm. of silicone 
less than 0.5$ 

±2°F 

*0,01 micro volt 
*.0005 inch 



TUb ideal impact pressure was obtained ty an extrapolation 
procedure as oxplainod in Section III. Tho ostinatod maximum probable 
error la the extrapolated value of impact pressure is *0,5 nm. of 
silicono, This estimated value was deto minod as a result of a 
graphical study of tl» extrapolation curves. 

The accuracy of the computed values, based an both ostinatod 
errors in tho individual measurements and the errors from the use of 
graphs, tables, etc., is as f olloxrs : 
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(■.uriTuItj ^Ir^cLitsi Rrror 



Ratio of iripact proccuroo 


♦ 0.12^ 


- Po“/Po’ 




Hadi lAiabor ~ it 


- X> 


Free SUxjai To.iperaturc - i 


« z. 


Reynolds limber - Re 


i 5.iS 


Tcnperature Rccovexy 


- .06$ 



Factor - r 
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Type I Probes 
Fig. 3a 




Type II Probes 
Fig. 3b 
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Fig. 6a 




Fig. 6b 



TEMPERATURE, IMPACT, AND STATIC -PRESSURE PROBE SUPPOR1 
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SCHLIEREN PICTURE OF AIR FLOW AROUND PROBE RAKE 
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VARIATION OF MEASURED IMPACT PRESSURES WITH REYNOLDS 
NUMBER BEHIND NORMAL SHOCK FOR TYPE I PROBES 
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